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1. INTRODUCTION {#pros23703-sec-0005}
===============

Prostate cancer (PCa) is one of the most malignant tumors of the male urogenital system and the leading cause of cancer‐related deaths in males worldwide.[1](#pros23703-bib-0001){ref-type="ref"}, [2](#pros23703-bib-0002){ref-type="ref"} In the past decades, a lot of research efforts were paid to identify the common mechanism underlying PCa progression. A series of pathways, including androgen signaling,[3](#pros23703-bib-0003){ref-type="ref"} TP53 signaling,[4](#pros23703-bib-0004){ref-type="ref"} and Wnt signaling[5](#pros23703-bib-0005){ref-type="ref"}, [6](#pros23703-bib-0006){ref-type="ref"} were found to be involved in PCa. Of note, many underlying mechanisms still remained to be elucidated. For example, the drivers of abnormal proliferation in prostate cancer,[7](#pros23703-bib-0007){ref-type="ref"} which is one of the common hallmarks of cancer, remain largely unclear. Thus, identifying novel regulators as diagnostic and therapeutic targets for PCa are still urgently required.

Minichromosome maintenance 10 replication initiation factor (MCM10) is a conserved component of the eukaryotic replisome that brings together the MCM2‐7 helicase and the DNA polymerase alpha/primase complex to initiate DNA replication.[8](#pros23703-bib-0008){ref-type="ref"}, [9](#pros23703-bib-0009){ref-type="ref"} Previous studies show MCM10 is often dysregulated under pathological conditions.[9](#pros23703-bib-0009){ref-type="ref"}, [10](#pros23703-bib-0010){ref-type="ref"}, [11](#pros23703-bib-0011){ref-type="ref"}, [12](#pros23703-bib-0012){ref-type="ref"} Genetic amplification and/or overexpression of MCM10 were also observed in different types of human cancers.[13](#pros23703-bib-0013){ref-type="ref"}, [14](#pros23703-bib-0014){ref-type="ref"}, [15](#pros23703-bib-0015){ref-type="ref"} For instance, Cheng et al[15](#pros23703-bib-0015){ref-type="ref"} found a series of replicative helicase proteins, such as MCM10, MCM2, MCM4, MCM5, and MCM6 were overexpressed in cervical cancer. Lu et al[16](#pros23703-bib-0016){ref-type="ref"} also observed MCM10 was up‐regulated in esophageal cancer. These findings suggested MCM10 could serve as a prognostic marker for cancers. However, no studies about MCM10 were reported in prostate cancer.

The present study for the first time revealed MCM10 is up‐regulated in PCa by analyzing public datasets (including The Cancer Genome Atlas \[TCGA\][17](#pros23703-bib-0017){ref-type="ref"}, [18](#pros23703-bib-0018){ref-type="ref"} and Taylor dataset[19](#pros23703-bib-0019){ref-type="ref"}). In addition, experimental studies were performed to explore the potential roles of MCM10 in regulating cell proliferation and cell apoptosis. Moreover, microarray analysis was also performed to explore downstream targets of MCM10 in PCa. The present study may provide useful information to identify MCM10 as a novel therapeutic and prognostic target for PCa.

2. MATERIALS AND METHODS {#pros23703-sec-0006}
========================

2.1. Patients and clinicopathological data {#pros23703-sec-0007}
------------------------------------------

The gene expression data of 490 patients with PCa were downloaded from (TCGA, <https://tcga-data.nci.nih.gov/tcga/>) database by using Firebrowse dataset (<http://firebrowse.org/>). Level 3 raw expression data of MCM10 from the Illumina HiSeq2000 sequencing platform (Illumina, Inc., San Diego, CA) were downloaded from TCGA data portal. Patient clinical features, including age at diagnosis, days to last follow‐up, pathological tumor (T) stage and node (N) stage, were retrospectively obtained from patient records. All the patients were staged using the 2009 tumor‐node‐metastasis classification of the American Joint Committee on Cancer/International Union Against Cancer.[20](#pros23703-bib-0020){ref-type="ref"} In order to further investigate the prognostic value of MCM10 in PCa, the overall survival rates of patients with high or low MCM10 expression were assessed using the Kaplan‐Meier method by using GSE21032 dataset which was reported by Taylor et al.[19](#pros23703-bib-0019){ref-type="ref"}

2.2. Lentiviral constructs and transfections {#pros23703-sec-0008}
--------------------------------------------

Recombinant lentiviral vectors carrying MCM10 small interfering RNA (shRNA) were constructed using standard molecular techniques. 293T cells were infected with the recombinant lentiviral vectors using Lipofectamine 2000 (Thermo Fisher Scientific, Inc., Waltham, MA) to generate stably transfected cells, according to the manufacturer\'s protocol. Opti‐modified Eagle\'s medium (Opti‐MEM) which was ideal for use during cationic lipid transfections especially Lipofectamine™ transfection reagents was purchased from Thermo Fisher Scientific, Inc. (Catalog number: 31985062). Concentrated lentiviruses were transfected at a multiplicity of infection (MOI) of 40 in serum‐free RPMI‐1640 medium. The supernatant was replaced with complete culture medium (RPMI‐1640 medium containing 10% fetal bovine serum (GE Healthcare Life Sciences, Little Chalfont, United Kingdom) after 24 h. The expression of MCM10 shRNA in infected cells was determined by reverse transcription‐quantitative polymerase chain reaction (RT‐qPCR). The MCM10 shRNA sequence was as follows: 3′‐CCGGGACGGCGACGGTGAATCTTATCTCGAGATAAGATTCACCGTCGCCGTCTTTTT‐5′, which was purchased from Shanghai GenePharma Co., Ltd. (Shanghai, China).

2.3. Cell culture {#pros23703-sec-0009}
-----------------

Prostate cancer LNCaP, PC‐3, and DU145 cells were purchased from Cell Bank of Chinese Academy of Sciences (Shanghai, China) where they were authenticated by mycoplasma detection, DNA‐Fingerprinting, isozyme detection, and cell vitality detection. All experiments were carried out on each cell line at passages below 30. These PCa cells were cultured in RPMI‐1640 medium containing 10% fetal bovine serum (GE Healthcare Life Sciences), 100 U/mL penicillin and 100 µg/mL streptomycin, and were cultured at 37°C in 5% CO~2~.

2.4. RT‐qPCR {#pros23703-sec-0010}
------------

Total RNA was extracted from LNCaP, DU145, and PC‐3 cells using TRIzol reagent (Invitrogen, Waltham, MA; Thermo Fisher Scientific, Inc.). cDNA was synthesized using a PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China). qPCR was performed with cDNA samples using the iQSYBR Green Supermix and ABI Prism 7900 platform (both Bio‐Rad Laboratories, Inc., Hercules, CA), according to the manufacturer\'s protocol. PCR cycling conditions were 50°C for 2 min, followed by 95°C for 10 min and then 40 cycles for 95°C for 15 s and 60°C for 1 min. The 2^−ΔΔCt^ method was used to calculate the relative expression level by normalizing to GAPDH levels. The primers used in this study are listed in Supplementary Table S1. Each sample was run in triplicate to ensure quantitative accuracy.

2.5. Plate analysis with the adherent cell cytometry system Celigo® {#pros23703-sec-0011}
-------------------------------------------------------------------

The adherent cell cytometry system, Celigo®, (analyzed by Application Programing Interface, version 1.0, software) allowed rapid quantification of cellular fluorescence expression as previously described.[21](#pros23703-bib-0021){ref-type="ref"} Plates were analyzed using the adherent cell cytometer equipped with bright field and fluorescent channels. Gating parameters were adjusted for each fluorescence channel to exclude background and other non‐specific signals. The Celigo® system provided a gross quantitative analysis for each fluorescence channel and individual well, including total count and average integrated red fluorescence intensity of gated events.

2.6. Cell proliferation assay {#pros23703-sec-0012}
-----------------------------

An MTT assay was also performed in order to evaluate changes in cell proliferation. A total of 5000 transfected DU145 and PC‐3 cells were seeded onto 96‐well plates at a final volume of 100 μL medium/well (RPMI‐1640 medium containing 10% fetal bovine serum \[GE Healthcare Life Sciences\]). At each time point (including 0, 24, 48, 72, and 96 h), cells were stained with MTT dye (0.5 mg/mL Sigma‐Aldrich; Merck KGaA; St. Louis, MO) for 4 h at 37°C, followed by the removal of the culture medium and addition of 150 μL dimethyl sulfoxide (Sigma‐Aldrich; Merck KGaA). Then, the plates were monitored using a PowerWave XS Microplate reader (BioTek Instruments, Inc., Winooski, VT), which measured absorbance at 490 nm. The absorbance at 570 nm was used as a reference. Each experiment was performed at least in triplicate.

2.7. Cell apoptosis assay {#pros23703-sec-0013}
-------------------------

Following transfection for 48 h, cells were harvested and washed with phosphate‐buffered saline (PBS) for three times. Cells were assayed with an Annexin V‐APC Apoptosis Detection kit (eBioscience; Thermo Fisher Scientific, Rockford IL) and were analyzed using a flow cytometer (BD Biosciences, Franklin Lakes, NJ).

2.8. Colony formation assays {#pros23703-sec-0014}
----------------------------

PC‐3‐shctrl, PC‐3‐shMCM10, DU145‐shctrl, and DU145‐shMCM10 cells were plated on 60‐mm plates (0.5 × 103 cells per plate) and cultured at 37°C for 10 days. The colonies were stained with 1% crystal violet (Sigma‐Aldrich; Merck KGaA) for 30 s following fixation with 10% formaldehyde for 5 min at room temperature.

2.9. Microarray and expression datasets {#pros23703-sec-0015}
---------------------------------------

Total RNA was extracted from three shMCM10 samples and three shRNA control samples using TRIzol reagent (Invitrogen; Thermo Fisher Scientific) and the RNeasy mini kit (Qiagen GmbH, Hilden, Germany). Total RNA was quantified by the NanoDrop ND‐2000 (Thermo Fisher Scientific, Inc.) and the RNA integrity was assessed using Agilent Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara, CA).

Global expressions of mRNAs in three MCM10 shCtrl samples and three shMCM10 were examined using the Gene Chip Prime View Human Gene Expression Array (Thermo Fisher Scientific, Inc.). The sample labeling, microarray hybridization and washing were performed according to the manufacturer\'s protocols. Raw data were normalized using the log2 scale. Two‐class unpaired significance analysis of microarray (19) was employed to filter significantly differentially expressed mRNAs between shCtrl and shMCM10. To begin with, the raw data were normalized using the quantile algorithm. The probes for which ≥1 out of two conditions have flags in "P" were selected for further data analysis. Differentially expressed mRNAs were subsequently identified through fold change. The threshold set for upregulated and downregulated genes was a fold change ≥1.5. Subsequently, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) analyses of differently expressed downstream genes of MCM10 were performed using an Ingenuity Pathway Analysis system (<https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/www.ingenuity.com>).

2.10. Statistical analysis {#pros23703-sec-0016}
--------------------------

The differences between two groups in gene expression, cell apoptosis, colony number and migrated cell number were evaluated using Student\'s *t*‐test. The statistical significance of differences in multiple groups was determined by using the Kruskal‐Wallis *H* test. Kaplan‐Meier analysis, followed by the log‐rank test, were utilized to assess the association between MCM10 and overall survival and biochemical recurrence (BCR)‐free survival of PCa. All statistical analyses were conducted using GraphPad Prism software 5.0 (GraphPad Software, Inc., La Jolla, CA). *P *\< 0.05 was considered to indicate a statistically significant difference.

3. RESULTS {#pros23703-sec-0017}
==========

3.1. MCM10 was upregulated in PCa {#pros23703-sec-0018}
---------------------------------

In order to evaluate the expression pattern of MCM family members in PCa, we analyzed TCGA database, which included 52 matched normal prostate samples and 419 PCa samples. We observed MCM10, MCM2, MCM3, and MCM7 were differently expressed in PCa samples compared to match normal samples, however, we did not observe any expression difference of MCM4, MCM5, MCM6, MCM8, and MCM9 between PCa samples and normal samples (Supplementary Figure S1). Among these differently expressed MCM family members, we focused on MCM10 in this study, which was not previously reported in PCa. We found MCM10 was significantly upregulated in PCa samples compared to normal tissues. Of note, more than 90% of PCa tissues expressed high levels of MCM10, while only ∼10% (3/38) of matched normal tissues expressed high levels of MCM10 (Figure [1](#pros23703-fig-0001){ref-type="fig"}C). Additionally, we also observed MCM10 was highly expressed in PCa cell lines by using RT‐PCR analysis (Figure [1](#pros23703-fig-0001){ref-type="fig"}D). Furthermore, we evaluated the correlation of MCM10 with DNA methylation and MCM10 amplification or deletion. From our results, we observed MCM10 expression was not significantly correlated with the CNV status (Supplementary Figure S3A) or DNA methylation status in PCa (Supplementary Figure S3B). Androgen receptor (AR) is the most important regulator of PCa progression. We found MCM10 was not a AR‐regulated gene by analyzing GSE18684 dataset.

![MCM10 expression was upregulated in PCa samples. A‐B, TCGA data analysis showed MCM10 expression levels were significantly up‐regulated in prostate tumors compared to normal prostate tissues by analyzing all tumor samples (A) and paired samples (B). C, MCM10 expression was higher in more than 90% (35/38) of PCa samples compared with adjacent normal tissues by analyzing the TCGA cohorts. D, MCM10 were highly expressed in PCa cell lines LNCaP, PC‐3, DU145. *P* \< 0.05 was considered to indicate a statistically significant difference. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. MCM10, Minichromosome maintenance 10 replication initiation factor; PCa, prostate cancer; TCGA, The Cancer Genome Atlas. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g001){#pros23703-fig-0001}

To characterize the functions of MCM10 in PCa, MCM10 shRNA was used to knockdown MCM10 expression at the mRNA and protein levels. Compared to treatment with the scrambled shRNA control, MCM10‐specific shRNA substantially decreased MCM10 mRNA and protein levels in DU145, PC‐3, and LNCaP cells (Figure [2](#pros23703-fig-0002){ref-type="fig"}A‐F).

![MCM10 knockdown inhibits its expression levels in DU145 and PC‐3 cells. A‐C, Real‐time reverse transcription PCR analysis showed expression of MCM10 mRNA was reduced after transfection with the indicated shRNAs in DU145 (A) PC‐3 (B) and LNCaP (C) cells. D‐F, Western blot analysis showed protein expression of MCM10 was reduced after transfection with the indicated shRNAs in DU145 (D), PC‐3 (E), and LNCaP (F) cells. Data are represented as the mean ± SD (\**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001, Student\'s *t*‐test). \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g002){#pros23703-fig-0002}

3.2. MCM10 knockdown inhibits cell proliferation in PCa cells {#pros23703-sec-0019}
-------------------------------------------------------------

Furthermore, we evaluated the effects of MCM10 on cell proliferation in DU145 and PC‐3 cells. Celigo Cell Counting indicated that DU145 (Figures [3](#pros23703-fig-0003){ref-type="fig"}A and [3](#pros23703-fig-0003){ref-type="fig"}C) and PC‐3 (Figures [3](#pros23703-fig-0003){ref-type="fig"}B and [3](#pros23703-fig-0003){ref-type="fig"}D) cell growth were slower in MCM10‐shRNA‐transfected group than in negative control group (*P* \< 0.05) after 4 days. In addition, we performed MTT assay to evaluate the growth rate of DU145 and PC‐3 after MCM10 knockdown. As shown in Figure [3](#pros23703-fig-0003){ref-type="fig"}, we observed MCM10 knockdown could inhibit cell proliferation in DU145 (Figure [3](#pros23703-fig-0003){ref-type="fig"}E) and PC‐3 (Figure [3](#pros23703-fig-0003){ref-type="fig"}F) cells.

![MCM10 knockdown inhibits cell proliferation in PCa cells. A‐B, The Celigo® system revealed that knockdown of MCM10 inhibited cell proliferation in DU145 (A) and PC‐3 (B) cells. C‐D, The cell counting show significant decrease in shMCM10 group compared to shCtrl group in DU145 (C) and PC‐3 (D) cells. E‐F, An MTT assay demonstrated that knockdown of MCM10 inhibited cell proliferation in DU145 (E) and PC‐3 (F) cells. Each experiment was performed in triplicate (*n* = 3). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. MCM10, Minichromosome maintenance 10 replication initiation factor; Ctrl, control; OD, optical density; sh, short hairpin. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g003){#pros23703-fig-0003}

3.3. Suppression of MCM10 expression induces apoptosis of PCa cells {#pros23703-sec-0020}
-------------------------------------------------------------------

To determine whether MCM10 affected the apoptosis ability of the human prostate cancer cells, Annexin V‐APC staining and flow cytometric analysis were performed. The ratio of cells undergoing apoptosis was markedly increased in the MCM10 shRNA virus‐infected DU145 cells, compared with Shctrl (Figures [4](#pros23703-fig-0004){ref-type="fig"}A and [4](#pros23703-fig-0004){ref-type="fig"}B). Similar results were observed in PC‐3 (Figures [4](#pros23703-fig-0004){ref-type="fig"}C and [4](#pros23703-fig-0004){ref-type="fig"}D) and LNCaP (Figures [4](#pros23703-fig-0004){ref-type="fig"}E and [4](#pros23703-fig-0004){ref-type="fig"}F) cells. These data obtained in the present study indicated that MCM10 may play an important anti‐apoptosis role in human prostate cancer cells.

![MCM10 knockdown promotes apoptosis of prostate cancer cells. A, C, E, Flow cytometric analysis showed MCM10 knockdown promoted apoptosis of DU145 (A), PC‐3 (C), and LNCaP (E) cells by using an Annexin V‐APC Apoptosis Detection kit. B, D, F, Quantitative representation of the shMCM10‐induced apoptosis of DU145 (B), PC‐3 (D), and LNCaP (F) cells. The cell apoptosis analysis results are presented as the mean ± standard deviation (*n* = 3). *P* \< 0.05 was considered to indicated a statistically significant difference. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. MCM10, Minichromosome maintenance 10 replication initiation factor; Ctrl, control; sh, short hairpin. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g004){#pros23703-fig-0004}

3.4. Knockdown of MCM10 suppressed PCa cell colony formation {#pros23703-sec-0021}
------------------------------------------------------------

Furthermore, we studied the functions of MCM10 knockdown on DU145 and PC‐3 cell tumorigenesis in vitro by assaying colony formation. The results indicated that compared with cells in the control group, cells in the shMCM10 group significantly inhibited the ability of DU145 (Figures [5](#pros23703-fig-0005){ref-type="fig"}A and [5](#pros23703-fig-0005){ref-type="fig"}B) and PC‐3 (Figures [5](#pros23703-fig-0005){ref-type="fig"}C and [5](#pros23703-fig-0005){ref-type="fig"}D) cells to form colonies (*P *\< 0.05).

![MCM10 knockdown significantly reduced colony formation of prostate cancer cells. A, MCM10 knockdown significantly reduced colony formation of DU145 cells. B, Quantitative representation of the DU145 colony formation following MCM10 knockdown. C, MCM10 knockdown significantly reduced colony formation of PC‐3 cells. D, Quantitative representation of the PC‐3 colony formation following MCM10 knockdown. The results are presented as the mean ± standard deviation (*n* = 3). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. MCM10, Minichromosome maintenance 10 replication initiation factor; Ctrl, control; PCa, prostate cancer; sh, short hairpin. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g005){#pros23703-fig-0005}

3.5. Identification of MCM10 regulated genes in PCa {#pros23703-sec-0022}
---------------------------------------------------

In this study, mRNA expression profiling was used to identify MCM10 regulated genes in PCa following MCM10 knockdown. Analysis of the microarray data revealed 1015 upregulated and 808 downregulated genes after MCM10 knockdown in PC‐3 cells, with an average expression level \>1.5‐fold (*P* \< 0.05; Figure [6](#pros23703-fig-0006){ref-type="fig"}A‐C). Subsequently, KEGG pathway and GO analyses of differently expressed downstream genes of MCM10 were performed using an Ingenuity Pathway Analysis system (<http://www.ingenuity.com>).

![Identification of MCM10 regulating genes in PC‐3. A‐C, Heatmap (A), scatter plot (B), and volcano plot (C) demonstrate differential genes expression following MCM10 knockdown. (D) IPA analysis demonstrated the most significant potential diseases and functions effected by MCM10 knockdown in PCa. (E) IPA analysis demonstrated the most significant potential pathways regulated by MCM10. MCM10, Minichromosome maintenance 10 replication initiation factor; sh, short hairpin; Ctrl, control; IPA, ingenuity pathway analysis; KD, knockdown; NC, negative control; PCa, prostate cancer. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g006){#pros23703-fig-0006}

Our analysis showed MCM10 was most significantly associated with cancer, cell death, apoptosis, cell death of tumor cell lines, necrosis, and cell cycle progression (Figure [6](#pros23703-fig-0006){ref-type="fig"}D). KEGG analysis showed MCM10 was most significantly associated with glucocorticoid receptor signaling, IGF‐1 signaling, p53 signaling, IL‐8 signaling, IL‐6 signaling, IL‐2 signaling, JAK/Stat signaling, HMGB1 signaling, telomerase signaling, erythropoietin signaling, UVA‐induced MAPK signaling, ErbB signaling, p70S6K signaling, growth hormone signaling, and PTEN signaling (Figure [6](#pros23703-fig-0006){ref-type="fig"}E).

3.6. Knockdown of MCM10 regulates cell proliferation related genes in PCa {#pros23703-sec-0023}
-------------------------------------------------------------------------

In order to explore mechanism of MCM10 regulating cell proliferation, we constructed a network (Figure [7](#pros23703-fig-0007){ref-type="fig"}). Furthermore, 30 downstream targets (14 down‐regulated and 16 up‐regulated genes after MCM10 knockdown) of MCM10 were selected for further validation (Figure [8](#pros23703-fig-0008){ref-type="fig"}A). Consistent with our microarray analysis, we found 13 genes (MCM10, WWTR1, CYR61, SLC39A10, NCOA3, MAD2L1, EGFR, CAV1, SATB2, SPP1, PIK3CB, MDM2, and MAPK9) were suppressed after MCM10 knockdown (Figure [8](#pros23703-fig-0008){ref-type="fig"}B). However, 15 genes (KLF4, NR3C1, JUN, ING3, CDKN1A, TP53I3, PTK2B, CDK6, OLR1, INHBA, TGFBR3, SNAI2, CD47, ICAM1, and LTB) were induced following MCM10 knockdown (Figure [8](#pros23703-fig-0008){ref-type="fig"}C). These results together with our previous analysis showed that MCM10 acts as a key regulator in PCa progression.

![Construction of MCM10 regulating cell proliferation networks. By analyzing MCM10 regulating genes, we constructed MCM10 mediated cell proliferation‐related networks. Red nodes, up‐regulated genes after MCM10 knockdown; green nodes, down‐regulated genes after MCM10 knockdown. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g007){#pros23703-fig-0007}

![Knockdown of MCM10 regulates cell proliferation‐related genes in PC‐3. A, Heatmap showed expression levels of 30 MCM10 targets after MCM10 knockdown in PC‐3. B, Real‐time reverse transcription PCR analysis showed 13 genes were downregulated after MCM10 knockdown. C, Real‐time reverse transcription PCR analysis showed 15 genes were up‐regulated after MCM10 knockdown in PC‐3. The results are presented as the mean ± standard deviation (*n* = 3). \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. Ctrl, control; MCM10, minichromosome maintenance 10 replication initiation factor; PCa, prostate cancer; sh, short hairpin. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g008){#pros23703-fig-0008}

3.7. Upregulation of MCM10 predicts a poor prognosis in PCa {#pros23703-sec-0024}
-----------------------------------------------------------

In the present study, we also evaluated the association between MCM10 mRNA expression levels in tumor tissues and clinicopathological factors in PCa. We found that MCM10 levels were higher in N1 stage PCa samples than in N0 stage PCa samples (Figure [9](#pros23703-fig-0009){ref-type="fig"}A). Moreover, analysis of the TCGA database demonstrated that a significantly higher expression of MCM10 was observed in Gleason 7 (*P* \< 0.05), Gleason 8 (*P* \< 0.01), and Gleason 9 (*P* \< 0.001) patients compared with Gleason 6 patients (Figure [9](#pros23703-fig-0009){ref-type="fig"}B).

![Upregulation of MCM10 predicts a poor prognosis in PCa. A, MCM10 expression was upregulated in N1 PCa cases compared with N0 PCa cases. B, MCM10 expression was upregulated in Gleason 7, Gleason 8, and Gleason 9 PCa cases compared with Gleason 6 cases. C, The BCR‐free survival rates were higher in patients with low MCM10 expression in the TCGA dataset. D, By analyzing Taylor dataset, the overall survival rates were also observed to be higher in MCM10‐low compared to MCM10‐high patients. \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001. MCM10, Minichromosome maintenance 10 replication initiation factor; PCa, prostate cancer; TCGA, The Cancer Genome Atlas; TPM, transcripts per kilobase million. \[Color figure can be viewed at <http://wileyonlinelibrary.com>\]](PROS-78-1299-g009){#pros23703-fig-0009}

Kaplan‐Meier curve method was performed to assess the association of MCM10 expression with BCR‐free survival and overall survival in PCa patients by using Taylor and TCGA dataset. As demonstrated in Figure [9](#pros23703-fig-0009){ref-type="fig"}C, compared with patients with high MCM10 expression, the BCR‐free survival rates were significantly higher in patients with low MCM10 expression in the TCGA dataset (*P* \< 0.01). By analyzing Taylor dataset, the overall survival rates were also observed to be higher in MCM10‐low compared to MCM10‐high patients (Figure [9](#pros23703-fig-0009){ref-type="fig"}D, *P *\< 0.01, MCM10‐first quartile vs fourth quartile).

4. DISCUSSION {#pros23703-sec-0025}
=============

PCa is one of the most frequently diagnosed types of cancer worldwide.[2](#pros23703-bib-0002){ref-type="ref"} Although PSA is the most widely used biomarker of PCa, the poor sensitivity and specificity of PSA level testing are still a big challenge when applying it for PCa diagnosis.[22](#pros23703-bib-0022){ref-type="ref"}, [23](#pros23703-bib-0023){ref-type="ref"}, [24](#pros23703-bib-0024){ref-type="ref"} Therefore, there is an urgent demand to identify novel biomarkers for the treatment of patients with PCa. In present study, we screened expression patterns of MCM family members (including MCM10, MCM2, MCM3, MCM7, MCM4, MCM5, MCM6, MCM8, and MCM9) in PCa. We observed MCM10, MCM2, MCM3, MCM7 were differently expressed in PCa samples compared to match normal samples. In present study, we focused on MCM10 in this study which was not previously reported in PCa. MCM10 is a replication initiation factor that plays functions together with the MCM2‐7 helicase and the DNA polymerase alpha/primase complex.[8](#pros23703-bib-0008){ref-type="ref"}, [9](#pros23703-bib-0009){ref-type="ref"} Previous studies have observed MCM10 is overexpressed in different types of human cancers, such as medulloblastoma,[13](#pros23703-bib-0013){ref-type="ref"} cervical cancer,[15](#pros23703-bib-0015){ref-type="ref"} and esophageal cancer.[16](#pros23703-bib-0016){ref-type="ref"} Furthermore, Li et al demonstrated that MCM2 and MCM10 were the two most significantly upregulated genes in urothelial carcinoma progression among the MCM gene family.[14](#pros23703-bib-0014){ref-type="ref"} However, the functional roles and prognostic values of MCM10 remained largely unclear.

In the present study, we for the first time demonstrated that MCM10 was significantly upregulated in PCa samples. Furthermore, we found MCM10 levels were higher in N1 stage than N0 stage PCa samples. Of note, the higher expression levels of MCM10 were observed in higher Gleason scores PCa (Gleason 7‐9) compared to Gleason 6 PCa. Furthermore, Kaplan‐Meier analysis revealed that overexpression of MCM10 in PCa were associated with shorter BCR‐free and overall survival time compared to MCM10 low expression PCa. Moreover, we also evaluated RECQL4 expression pattern in PCa. RECQL4 plays roles in both DNA repair and DNA replication. Several studies reported RECQL4 interacted directly with MCM10 and RECQL4‐MCM10 interaction was important for efficient replication origin firing.[25](#pros23703-bib-0025){ref-type="ref"}, [26](#pros23703-bib-0026){ref-type="ref"}, [27](#pros23703-bib-0027){ref-type="ref"}, [28](#pros23703-bib-0028){ref-type="ref"} However, we found RECQL4 was not differentially expressed in PCa compared to normal samples. To the best of our knowledge, this study is the first to report that MCM10 is involved in the prognosis of PCa.

In the present study, we knocked down MCM10 expression in PCa cells and evaluated the effect of its knockdown on cell proliferation, colony formation, and cell apoptosis. We observed MCM10 knockdown significantly inhibited cell proliferation and colony formation, but promoted cell apoptosis in PCa. As far as we know, there are no reports regarding the role of MCM10 in PCa, and this is the first study to report MCM10 acts as an oncogene in PCa.

In previous studies, several upstream regulators of MCM10 had been revealed. For example, The E2F/Rb pathway[29](#pros23703-bib-0029){ref-type="ref"} and GATA6[30](#pros23703-bib-0030){ref-type="ref"} could regulate MCM10 transcription. E3 ubiquitin ligase RBBP6 promoted MCM10 transcription by ubiquitinating and destabilizing the transcriptional repressor ZBTB38.[10](#pros23703-bib-0010){ref-type="ref"} MiRNAs, such as miR‐215, were also reported as MCM10 regulators by inhibiting its expression.[31](#pros23703-bib-0031){ref-type="ref"} However, the downstream genes of MCM10 in PCa remained unknown. In order to further investigate the functional roles of MCM10 in PCa, bioinformatics analysis was performed, in combination with a high‐throughput array. A total of 1015 genes were identified to be upregulated and 808 genes were identified to be downregulated following MCM10 knockdown. Our analysis showed MCM10 was associated with cancer, cell death, apoptosis, cell death of tumor cell lines, necrosis, and cell cycle progression. KEGG analysis showed MCM10 was associated with Glucocorticoid Receptor signaling, IGF‐1 signaling, and p53 signaling. To reveal how MCM10 effect cell proliferation, we constructed a proliferation‐related network. RT‐PCR analysis results showed 13 genes (MCM10, WWTR1, CYR61, SLC39A10, NCOA3, MAD2L1, EGFR, CAV1, SATB2, SPP1, PIK3CB, MDM2, and MAPK9) were suppressed and 15 genes (KLF4, NR3C1, JUN, ING3, CDKN1A, TP53I3, PTK2B, CDK6, OLR1, INHBA, TGFBR3, SNAI2, CD47, ICAM1, and LTB) were induced after MCM10 knockdown in PCa. Of note, previous studies had reported these genes were associated with cancer cell proliferation. For instance, CYR61 promoted breast cancer lung metastasis by facilitating tumor cell extravasation and suppressing anoikis[32](#pros23703-bib-0032){ref-type="ref"}, [33](#pros23703-bib-0033){ref-type="ref"} and PIK3CB was required for the growth of ERBB2 and RAS driven tumors.[34](#pros23703-bib-0034){ref-type="ref"}

5. CONCLUSIONS {#pros23703-sec-0026}
==============

In conclusion, the present study for the first time reported MCM10 expression was upregulated in clinical samples. MCM10 knockdown decreased cell proliferation and colony formation, but promoted cell apoptosis in PCa cell lines. By using microarray and bioinformatics analysis, we found MCM10 regulated PCa progression by regulating a series of biological processes including cancer, cell death, and apoptosis. Of note, overexpression of MCM10 in PCa was associated with poorer patient prognosis. These results suggest that MCM10 may be a useful diagnostic and therapeutic target in PCa.
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**Figure S1**. TCGA analysis showed expression patterns of MCM family members in PCa. (A‐I).

**Figure S2**. Taylor dataset analysis showed MCM2, MCM3, MCM7 and RECQL4 were not associated with PCa prognosis.

**Figure S3**. MCM10 expression was not significantly correlated with the DNA methylation status and CNV status in PCa.

**Figure S4**. DepMap dataset analysis showed MCM10 knockout inhibited prostate cancer cell proliferation.
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